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Abstract 

In this paper, the connection between the dipole moment tensor Z?"'' and the 
spin four-tensor S"'^ is formulated in the form of the generalized Uhlenbeck- 
Goudsmit hypothesis, = gsS"^^. It is also found that the spin four-tensor 
iS'"'' can be decomposed into two 4- vectors, the usual 'space-space' intrinsic an- 
gular momentum 5"°, which will be called 'magnetic' spin (mspin), and a new 
one, the 'time-space' intrinsic angular momentum which will be called 'elec- 
tric' spin (espin). Both spins are equally good physical quantities. Taking into 
account the generalized Uhlenbeck-Goudsmit hypothesis, the decomposition of 
S*"^ and the decomposition of D""^ into the dipole moments m° and we find 
that an electric dipole moment (EDM) of a fundamental particle, as a four- 
dimensional (4D) geometric quantity, is determined by Z° and not, as generally 
accepted, by the spin S as a 3-vector. Also it is shown that neither the T 
inversion nor the P inversion are good symmetries in the 4D spacetime. In 
this geometric approach, only the world parity W, Wx"" — — x", is well defined 
in the 4D spacetime. Some consequences for elementary particle theories and 
experiments that search for EDM are briefly discussed. 

Henceforth space by itself, and time by itself are doomed 
to fade away into mere shadows and only a kind of union of 
the two will preserve an independent reality. 
H. Minkowski 



PACS numbers: 03.30.+p, 13.40.Em, 11.30.Er, 03.65. Sq 



1. Introduction 

In this geometric approach, it is considered that an independent physical real- 
ity, as in Minkowski's statement above, is attributed to the geometric quantities 
that are defined on the four-dimensional (4D) spacetime and not, as usually 
accepted, by the 3- vectors. Such geometric quantities are introduced in section 

2. There, using a general rule for the decomposition of a second rank antisym- 
metric tensor, the dipole moment tensor D"^'' is decomposed into the electric 
dipole moment (EDM) and the magnetic dipole moment (MDM) m° ([2]). 
The main results are obtained in section 3. Using the same rule, it is shown 
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that the spin four-tensor S"*^ can be decomposed into two 4-vectors, the usual 
'space-space' intrinsic angular momentum S"", which will be called 'magnetic' 
spin (mspin), and a new one, the 'time-space' intrinsic angular momentum 
([S]), which will be called 'electric' spin (espin). Then, the connection between 
D"^^ and S""^ is formulated in the form of the generalized Uhlenbeck-Goudsmit 
hypothesis, D"-'' = gsS"'' It is shown in ^ that an EDM of a fundamen- 
tal particle, such as a 4-vector, is determined by the espin Z"" and not by the 
spin S. (The usual 3- vectors will be designated in bold- face.) The relation PU)) 
also shows that the MDM of a fundamental particle is determined by the mspin 
5". In section 4, it is proved that neither the T inversion nor the P inversion 
are good symmetries in the 4D spacetime. In this geometric approach, only the 
world parity W, Wx"' — — x", is well defined in the 4D spacetime. Hence, in this 
approach, the existence of an EDM is not connected in any way with T viola- 
tion or, under the assumption of CPT invariance, with CP violation. In section 
5, the results obtained are used to discuss recent experimental searches for a 
permanent EDM of particles, and different shortcomings in the interpretations 
of the results of measurements are considered. The results obtained in this pa- 
per significantly differ from the usual formulation. However, this is a consistent 
theory with intrinsically covariant objects. It could be considered as an 'alterna- 
tive' but viable (in my opinion) view of the intrinsic angular momentums-spins 
and the associated dipole moments of the elementary particles. The treatment 
of the Trouton - Noble experiment [1] with the angular momentum four-tensor 
M"'' and the torque four-tensor N"-'' provides important supporting evidence for 
the formulation presented here. More supporting evidence comes from the res- 
olution of Jackson's paradox, which is obtained in [2] using the same geometric 
quantities M"*" and N"''' as those in [1]. 

2. The 4D geometric approach 

We shall deal with 4D geometric quantities that are defined without reference 
frames, e.g. the 4-vectors of the electric and magnetic fields and B", the 
electromagnetic field tensor F"'', the dipole moment tensor 1?°'', the 4-vectors 
of the EDM d° and the MDM to", etc. In the following, we shall rely on the 
results and the explanations from [3]; see also references therein. As stated in 
[3] , according to [4] , F"^^ can be taken as the primary quantity for the whole of 
electromagnetism. i?" and i3° are then derived from and the 4-velocity of 
the observers 

F"'' ^ (l/c)(£;%''-£;V)+e"''"VSd, 

E" = (l/c)F"^fc, = (l/2c2)e"^^'iF6et;d; E'^Va = B^Va = 0. (1) 

The frame of 'fiducial' observers is the frame in which the observers who measure 
iS" and B"^ are at rest. That frame with the standard basis {e^} in it is called 
the eo-frame. (The standard basis {e^; 0,1,2,3} consists of orthonormal 4- 
vectors with cq in the forward light cone. It corresponds to the specific system 
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of coordinates with Einstein's synchronization [5] of distant clocks and Cartesian 
space coordinates x'.) In the eo-frame, = ccq, which, with ([Ij, yields = 
B° = and E' = F'°, B' = (l/2c)e*J'="i^jfc- Therefore and B" can be called 
the 'time-space' part and the 'space-space' part, respectively, of -F"^. The reason 
for the quotation marks in 'time-space' and 'space-space' will be explained in 
section 4. 

As proved in, e.g., [6], any second rank antisymmetric tensor can be decom- 
posed into two 4- vectors and a unit time-like 4- vector (the 4-velocity/c). This 
rule can be applied to D"-''. As shown in [3], D"^'' is the primary quantity for 
dipole moments. Then and m° are derived from Z3°^ and the 4-velocity of 
the particle 

D"^ = (l/c)(d°it^-dV)-f (l/c2)e"^'=''meUrf, 
m'' = {1/2)6'^'''' Dm = (l/c)D'''ub, (2) 

with d°'Ua = m°'Ua = 0. In the particle's rest frame (the K' frame) and the 
{e^} basis, u'^ = cej,, which, with Q, yields that = m'O = 0, d"- = D'^°, 
— {c/2)e^^^^ D'^^. Therefore and m° can be called the 'time-space' part 
and the 'space-space' part, respectively, of C''. 

In this geometric approach, the interaction term in the Lagranian for the 
interaction between F"^^ and D"''^ can be written as a sum of two terms [3] : 

(l/2)F,bi?'"^ = {\/c')[^{Ead''+Bam'^){vku'') + {EaU^){vbd^) (3) 
+ {Bau''){vbm')] - {l/^)[e^'^''{Ebmd ~ Bbdd)vaU,]. 

Observe that every term on the rhs of fS]) contains both velocities and 
This fact differs ([3]) from all previous expressions for the interaction between 
dipole moments and the electric and magnetic fields. As seen from the last two 
terms they naturally contain the interaction of E'^ with m", and 5° with d", 
which are required for the explanations of the Aharonov-Casher effect and the 
Rontgen phase shift [3,7], and also of different methods of measuring EDMs, e.g. 
such methods as in [8]. Moreover, there is no need for any transformation. We 
only need to choose the laboratory frame as our eo-frame and then to represent 
iJ", TO° and B°', d°- in that frame. 

Furthermore, it is shown in [2] and [1] that the angular momentum four- 
tensor M°-^, given as A/"'' — x'^'p^ — x^]f (i.e. in [2] and [1], the bivector 
M = X f\p), can be decomposed into the 'space-space' angular momentum of 
the particle and the 'time-space' angular momentum (both with respect 
to the observer with velocity 

M"'' = (1/c) [{M^v'' - Mt^°) + e'''''"^Ms,cVd] , 
AC = (l/2c)e"''^''M,bf<i, Mf = (l/c)M'^''«fc, (4) 

with M'^Va = M^Va = 0. M"^ and depend not only on M"'' but also on v"-. 
Only in the eo-frame = A/f = and A/J = [l/'2.)e°^i^ M,k, Ml = . Ml 
and Ml correspond to the components of L and K that arc introduced, e.g., 
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in [9]. However Jackson [9], as all others, considers that only L is a physical 
quantity whose components transform according to equation (11) in [9], which 
we write as 

= L,, - j{Ly + L', - 7(L, - f3Ky) (5) 

(for the boost in the +x - direction). The components of B (and of E) are 
transformed in the same way (see equation (11.148) in [10]), for example, 

= B,., B'y = jiBy + PE,), B', = j{B, - pEy). (6) 

The essential point is that in both equations, ([5]) and ([6]), the transformed com- 
ponents, L[ and B[, are expressed by the mixture of components, L^, Kf. and 
Ek, respectively. 

Recently [11], a fundamental result was achieved that the usual transforma- 
tions (UT) of E(r,t), B(r,i), equations (11.148) and (11.149) in [10], differ from 
the Lorentz transformations (LT) (boosts) of the 4D geometric quantities that 
represent the electric and magnetic fields. 

Also, it is worth mentioning an important result regarding the usual formu- 
lation of electromagnetism (as in [10]), which is presented in [12] and discussed 
in [13]. It is explained in [12] that the usual E(r,t), B(r,t) are not correctly 
defined as the quantities which have, in some basis of the 3D space, only three 
components, since they are space- and time-dependent quantities. This means 
that they are defined on the spacetime and that fact determines that such vector 
fields, when represented in some basis, have to have four components (some of 
them can be zero). It is argued in [12] that an individual vector has no dimen- 
sion; the dimension is associated with the vector space and with the manifold 
where this vector is tangent. Hence, what is essential for the number of com- 
ponents of a vector field is the number of variables on which that vector field 
depends, i.e., the dimension of its domain. Thus, strictly speaking, the time- 
dependent E(r,t) and B(r,i) cannot be the 3-vectors, since they are defined on 
the spacetime. Therefore, from now on, we shall use the term 'vector' for a 
geometric quantity, which is defined on the spacetime and which always has in 
some basis of that spacetime, e.g. the standard basis {e^}, four components 
(some of them can be zero). This refers to m°, d", M", M^ , ... as well. (In the 
preceding text, they are called the 4- vectors.) However, an incorrect expression, 
the 3-vector, will still remain for the usual E(r,<), B(r,t), L, K, the spin S, etc. 

For the 'fiducial' observers, — ccg and E^^ — F^'^cq,,/. As shown in [11], 
and also in [13], both the field F"*" and the velocity (/c) of the 'fiducial' observer 
have to be transformed by the LT. This correct mathematical procedure yields 
that the components (in the standard basis) i?^ transform by the LT as 

F'O - 7(^0 - PE^), E'^ = 7(£;i - /3F"), E'^^^ = E^'\ (7) 

for the boost in the +x'^ - direction. Of course, this is the way in which the 
components (in the standard basis) of any vector transform under the LT. Hence, 
the same transformations as (O hold for the components B^, Mjf, d^, m^, S'^, 
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Z^, etc. As noted in [12], and discussed in [13], Minkowski, in section 11.6 in 
[14], was the first who correctly transformed the electric and magnetic vectors. 

The fundamental difference between the correct LT ^ of the components 
(in the standard basis) and the UT (S^, (0) is that the components E^, i.e. -B^, 
Mj^, transform by the LT again to the components E''^, i.e. B'^, M'^^, 
respectively; there is no mixing of components. 

As said in section 1, it is proved in [1] that the treatment with M""^ (or 
and M^) and the torque four-tensor N"-^ (or vectors N'^ and TVf ) is in true 
agreement (independent of the chosen inertial reference frame and of the chosen 
system of coordinates in it) with the Trouton-Noble experiment. Similarly, in [2] 
it is shown that in such an approach with M"'' and N""^ the principle of relativ- 
ity is naturally satisfied and there is no Jackson's paradox. The true agreement 
with experiments, when using 4D geometric quantities, is also obtained in the 
second paper in [11] (the motional electromotive force), in the third paper in 
[11] (the Faraday disc) and also in [15] (the well-known experiments: the 'muon' 
experiment, the Michelson-Morley - type experiments, the Kennedy-Thorndike 
- type experiments and the Ives-Stilwell - type experiments). This true agree- 
ment with experiments directly proves the physical reality of the 4D geometric 
quantities. It is also shown in the mentioned papers ([1], [11] and [15]) that the 
agreement between the experiments that test special relativity and Einstein's 
formulation of special relativity [5] , which deals with the synchronously defined 
spatial length , i.e. the Lorentz contraction, with the conventional dilatation of 
time and also with the UT of the components of the 3- vectors E and B, is not a 
true agreement since it depends on the chosen synchronization, e.g. Einstein's 
synchronization or a drastically different, nonstandard, radio ('r') synchroniza- 
tion; see also [16] and section 4 here. 

3. The generalized Uhlenbeck-Goudsmit hypothesis; 

'time-space' intrinsic angular momentum and the intrinsic EDM 

The above consideration can be directly applied to the intrinsic angular momen- 
tum, the spin of an elementary particle. In the usual approaches, e.g. section 
11.11 A in [10], the relativistic generalization of the spin S from a 3- vector in 
the particle's rest frame is obtained in the following way: 'The spin 4- vector S°' 
is the dual of the tensor S°'^ in the sense that S*" = {l/2c)e°'^'^^uijS^s, where 
It" is the particle's 4- velocity.' The whole discussion above about F"^, D"^ © 
and particularly about M"'^ ^ (spin is also an angular momentum) implies a 
more general geometric formulation of the spin of an elementary particle. In 
analogy with [1] and [2], we conclude that the primary quantity with definite 
physical reality for the intrinsic angular momenta is the spin four-tensor S*"^, 
which can be decomposed into two vectors, namely the usual 'space-space' in- 
trinsic angular momentum 3°" and the 'time-space' intrinsic angular momentum 

5'°'' = {l/c)[{Z''u^ - Z^u"") + e°''='^S'cUd], 
S'' = {l/2c)e'''''''ScbUd, = {l/c)S''''ub, (8) 
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where u°- — dx°'/dT is the velocity of the particle and it holds that S°'Ua = 
Z°'Ua = 0. S°- and Z"- depend not only on S"-^ but on as well. Only in the 
particle's rest frame, the K' frame, and the {e^} basis, = cCq and S"" = 
Z'" = 0, S'^ = (l/2c)£0'J'=S'jfc, Z'^ = S"«. The definition ^ essentially changes 
the usual understanding of the spin of an elementary particle. It introduces a 
new 'time-space' spin Z"' , which is a physical quantity in the same measure as 
it is the usual 'space-space' spin S"". 

In [17] it is asserted: 'For an elementary particle, the only intrinsic direction 
is provided by the spin S. Then its intrinsic /i = 75S and its intrinsic d — 5sS, 
where 83 is a constant.' (In [17] the unprimed quantities are in the particle's rest 
frame.) Thus, both the MDM m' and the EDM d' (our notation) of an elemen- 
tary particle are determined by the usual spin S'. In the usual approaches such 
a result is expected because only the 'space-space' intrinsic angular momentum 
is considered to be a well-defined physical quantity. In contrast to [17] and other 
usual approaches, we consider that the intrinsic direction in the 3D space is not 
important in the 4D spacetime, since it does not correctly transform under the 
LT. As already explained, in this geometric approach a definite physical reality 
is attributed to 5°'' or to S"' and Z° taken together (see (O) in the same way 
as holds for the angular momentum four-tensor M"'' and the angular momenta 
M° and Q (see [1] and [2]). 

Furthermore, in the usual approaches, there is a connection between the mag- 
netic moment m and the spin S, m = 7sS. This is the well-known Uhlenbeck- 
Goudsmit hypothesis [18]. The whole of the above consideration suggests that 
instead of the above connection between the 3-vectors m and S we need to 
have the connection between the dipole moment tensor D°'^ and the spin four- 
tensor 5'°^. Obviously, it has to be formulated in the form of the generalized 
Uhlenbeck-Goudsmit hypothesis as 

D"^ ^ gsS^K (9) 

Taking into account the decompositions of D""^ ^ and S'^^ ([8]), we find the 
connections between the dipole moments m° and d° and the corresponding 
intrinsic angular momenta S'° and Z""^ respectively, in a form that essentially 
differs from all usual approaches, e.g. [17]: 

m^' ^cgsS'^, d'^ ^gsZ\ (10) 

In the particle's rest frame and the {e^} basis, = ceg and = m'° = 0, 
d'* = gsZ''', m'* = cgsS'"^. Comparing this last relation with m = 758, we 
see that gs = 75/2. Thus, the intrinsic MDM m° of an elementary particle is 
determined by the mspin 5"°, whereas the intrinsic EDM d° is determined by 
the espin Z"; the names mspin and espin come from the connections given by 
(fTO|) . The relations ^ and (fTO|) say that any fundamental particle has not only 
the intrinsic MDM m°, but also the intrinsic EDM whose magnitude is (1/c) 
of that for m". We repeat once again that, in this theory, the existence of the 
intrinsic EDM is obtained from the assumption that the primary quantities 
(with independent physical reality) are the spin four-tensor S""^ and the dipole 
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moment tensor £)°^, which can be decomposed according to relations ([5]) and 
([2]), respectively. Then the usual connection between the 3-vectors m and S 
is generalized to the relations ^ and (ITU|) . The EDM obtained in this way 
is of quite different physical nature than in the elementary particle theories, 
e.g. in the standard model and in supersymmetric (SUSY) theories. There, an 
EDM is obtained by a dynamic calculation and it stems from an asymmetry in 
the charge distribution inside a fundamental particle, which is thought of as a 
charged cloud. Here, as already stated, the EDM d'^ (see emerges from 

the connection with the intrinsic angular momentum Z", i.e. from ^ and 

Recently, I have become aware of some papers in which formally similar, but 
really different, results have been obtained. Westpfahl's formulae (3.15) and 
(3.15a) in [19], and equation (21) in [20] are, at first glance, very similar to our 
equations ([5]) and ©, respectively. The first important difference is that our 
approach deals with 4D geometric quantities that are defined without reference 
frames. Hence our equations hold for any reference frame and for any chosen 
system of coordinates in it. Westpfahl deals only with components implicitly 
taken in the standard basis; thus only Einstein's synchronization is considered 
(see the next section for a nonstandard synchronization). Furthermore, it can 
be easily seen from Westpfahl's formulae (3.15d) and (3.15e) in [19] and his 
equations (5)- (6") in [20] that the definitions of the quantities entering into his 
equations (3.15) and (3.15a) in [19] and equation (21) in [20] are very different 
from the quantities that can be obtained from the 4D geometric quantities enter- 
ing into (IH]) and (|9]). However, for comparison, one has to take only components 
in the standard basis from the 4D geometric quantities. In [21], an EDM of the 
electron is associated with the infinitesimal generator of the Lorentz boost and, 
as usual, the MDM of the electron is associated with the infinitesimal generator 
of the 3D spatial rotation. This corresponds to our relation (|10l) . but in [21] 
the authors deal only with components implicitly taken in the standard basis 
and finally with the 3-vectors, E, B, p, A, etc. Such an approach cannot work 
when some nonstandard synchronization, e.g. the 'r' synchronization from the 
next section, is used. An interesting application to spintronics of that EDM of 
the electron is presented in [21]. In our approach, the spin-orbit interaction is a 
part of ^ when ^ and ^ are inserted in it. This will be treated elsewhere. 

In addition, let us find the equation of motion for the spin four-tensor 5'°''. 
The rest frame equation of motion for the usual spin S is given, e.g., by (11.101) 
or (11.155) in [10], which we write as 

dS'/dt' = m' X B' = 7sS' X B', (11) 

where all the quantities are in the particle's rest frame, the K' frame, and the 
Uhlenbeck-Goudsmit hypothesis [18], m — 758, is used. In Sec. 11.11 A in 
[10], a covariant generalization of PT|) is presented and it refers to the spin 4- 
vector S'^ (components in the {e^,} basis). However, in the geometric approach 
presented here, the relation m = 75S is generalized, equation ([9]), replacing 
the 3-vectors m and S by the dipole moment tensor D""^ and the spin four- 
tensor 5"°^, respectively. In the same way we can generalize ([Tl]) . Using ([9]), the 
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generalized equation of motion for the spin four-tensor S""^ becomes 

dS^'/dT = F^-g^aD"" - F^^g^aD'"' = gslF'^^gcdS''" ~ F^^g^aS"'']. (12) 

where gab is the metric tensor. Equation (|12p is written with primary 4D ge- 
ometric quantities, for the electromagnetic field F*^^ and for dipole moments 
D""^ , i.e. for spins S""^ . (In [22], a very similar equation of motion for the 
spin four-tensor S^'^ is derived (see equation (14) there); however, Peletminskii 
and Peletminskii [22] deal exclusively with components in the {e^} basis.) Of 
course one can use the decompositions (P) and ([2]), or ([S]), to obtain the gener- 
alized equation of motion (IT^ expressed in terms of the fields E"-, and the 
dipole moments d", m° or the espin and the mspin S"' . The consequences of 
(fT2|) will not be investigated here, e.g. the generalization of the BMT equation 
((11.164) in [10]), etc.. We remark only that (|12p reduces to the equation 

dS"/dT = £"*^'^m;B^ = -fse'^'^'^S'^Bi (13) 

{cgs = Is) in the K' frame and the {e'^} basis. The K' frame is also chosen 
to be the eg-frame, i.e. the observers who measure fields i?" and B°' move 
together with the dipole, v"" — u°- = cCq and consequently £"° — B'^ — d'^ = 
m'° = 0. Furthermore, it is taken that in the K' frame d'* = 0, i.e. = 
and that E'"^ = F'^^ = 0. The relation corresponds to the equation with 
the 3-vectors ([TH) . However, ([T^ is correctly expressed by the components of 
the 4D geometric quantities, whereas (|TT|) is written with the 3-vectors whose 
transformations are not the LT and also it contains the coordinate time and not 
the proper time. 

Relations ©-(HO]) with 4D geometric quantities S'°^ 5" and Z"^, D''^ , m"- 
and d° are fundamentally new results that have not been mentioned previously 
in such a form in the literature. 

In addition, it is worthwhile to mention the classical references, [23], on the 
relativistic theory of spin in classical electrodynamics. However, both Frenkel 
and Thomas [23], as almost all others later, finally expressed their covariantly 
generalized relations in terms of the usual 3-vectors considering that the 3- 
vectors are physical quantities and that the UT of E and B, d and m are the 
relativistically correct LT. Particularly interesting is that Frenkel (first and sec- 
ond papers in [23]) considered that d and m 'are connected with each other 
by the invariant relation D'^'^Ui, = 0, that is d = (l/c)u x m,' (our nota- 
tion) (equations (3) and (4) in the first paper in [23]), 'expressing the fact - or 
rather the assumption - that in a co-ordinate system, in which the electron's 
translational velocity u is zero, the 'electrical moment' d must vanish.' In the 
geometric approach presented here, this invariant relation would be written as 
D°'^U)j = 0, which in the standard basis becomes D^^'^u^e^ — cd^e^ = 0. In 
the particle's rest frame, the K' frame (u''* — (c, 0, 0, 0)), one finds that d'^ = 
and D"'' = c?" = 0, which is Frenkel's assertion, i.e. the assumption. However, 
Frenkel's invariant relation D^'^u^, — is, as Frenkel says, nothing else than an 
assumption, which is not founded in any way . This means that there is no 
physical or mathematical reason for the assumption that c?" = 0. Moreover, 
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as already argued several times, the 3- vectors and the relations with them, like 
d = (l/c)uxm, are not meaningful in the 4D spacetime. Besides, in order to get 
from D^'^Uue,^ = the relation with spatial components (d* = {l/c'^)e^'^^''mjUk), 
which corresponds to Frenkel's relation between the 3-vcctors d and m, some 
additional, not justified, assumptions (like dP = 0) are required. 

4. T and P inversions and the world parity W 

In elementary particle theories the existence of an EDM implies the violation 
of the time reversal T invariance. Under the assumption of CPT invariance, a 
nonzero EDM would also signal CP violation. As stated in [24], 'it is the T 
violation associated with EDMs that makes the experimental hunt interesting.' 
Let us briefly consider the connection between the EDM and the T invariance, 
as it is explained in the usual formulation, e.g. [24]. Reversing time would 
reverse the spin direction but leave the EDM direction unchanged since the 
charge distribution does not change. In the elementary particle theories, e.g., 
the standard model and SUSY, the EDM direction is connected with a net 
displacement of charge along the spin axis, i.e. with an asymmetry in the 
charge distribution inside a particle; see, for example, [24]. Thus, with t —t, 
S — S but d — >^ d. However, as in [17], d is determined as d = rfS/5. Hence 
d has to be parallel to the spin S; it is considered that S is the only available 
3-vector in the rest frame of the particle. This yields that d — >■ —d, i.e. d — >■ 0. 
As stated in [24] , 'the alignment of spin and EDM is what leads to violations of 
T and P: 

From the viewpoint of the geometric approach presented here, neither T 
inversion nor P inversion is well-defined in the 4D spacetime; they are not 
good symmetries. For the position vector a;", only the world parity W (for the 
term see, e.g., [25]), according to which Wx°' = —x"', is well-defined in the 4D 
spacetime. In general, the W inversion cannot be written as the product of the 
usual T and P inversions. But this will be possible for the representations of W, 
T and P in the standard basis {e^}. It is easy to see that, e.g., T inversion is not 
well-defined and that it depends, for example, on the chosen synchronization. 

As explained, e.g. in [16], different systems of coordinates (including differ- 
ent synchronizations) are allowed in an inertial frame and they are all equiva- 
lent in the description of physical phenomena. Thus, in [16], two very different 
but completely equivalent synchronizations, Einstein's synchronization [5] and 
the 'r' synchronization, are exposed and exploited throughout the paper. The 
'r' synchronization is commonly used in everyday life and not Einstein's syn- 
chronization. In the 'r' synchronization, there is an absolute simultaneity. As 
explained in [26] , 'For if we turn on the radio and set our clock by the standard 
announcement '...'at the sound of the last tone, it will be 12 o'clock,' then we 
have synchronized our clock with the studio clock according to the 'r' synchro- 
nization. In order to treat different systems of coordinates on an equal footing we 
have presented [16] the transformation matrix that connects Einstein's system 
of coordinates with another system of coordinates in the same reference frame. 
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Furthermore, in [16] we have derived a form of the LT that is independent of 
the chosen system of coordinates, including different synchronizations. The unit 
vectors in the {e^} basis and the {r^} basis, i.e. with the 'r' synchronization , 
[16], are connected as 

ro = eo, n^eo + Ci. (14) 

Hence, the components gp,u,r of the metric tensor gat are ga^r = 0, and aU other 
components are = 1. Remember that in the {e^} basis g^i, = diag{l, —1, —1, — 1). 
(Note that in [16)] and [15] the Minkowski metric is g^^ = c?ia5(— 1, 1, 1, 1).) 
Then, according to (4) from [16], one can use g^v,r to find the transformation 
matrix i?'^ that connects the components from the {e^} basis with the compo- 
nents from the {r^} basis; = — i?" = 1, and all other elements of i?'^ are 
= 0. The inverse matrix (i?'^)^^ connects the 'old' basis, {e^}, with the 'new' 
one, {r^}. With such an i?'^ one finds that the components of a;° are connected 
as 

Observe that (Obviously, the components of any vector 

transform in the same way as in (fT5| . e.g. for the components of it holds 
= - E'^ - E'^ - E^, Ei = E\) It is clear from ^ that T inversion, 
t — —t, i.e. — ?> — a;°, does not give that — >■ — This can be shown 
explicitly. 

In the standard basis {e^} the matrix elements of the time reversal 
operator T are Tq = —1, T\ = 1 and all other elements of are equal to 
0. Then, one can write x!^ — T^x", where Xq^ circ the components of the time 
reversed position vector = xl^e^, which are Xj^ = —x'^, xl^ = x^ . In the 
{r^i} basis, the matrix elements T^^ of the time reversal operator T which are 
different from zero are 

T%.r^-l, T\r = l, Tl,^~2. (16) 

Clearly, this is not a time reversal operation in the usual sense. In the {r^} 
basis, the components xf^ ^ of the 'time reversed' position vector x^ = xt^ ^r^j^ 
are 

Xrp ^, X ~ X -~ X ~~ X , Xq^ J.. — X ^IT) 

and it holds that a;^ — a;^e^ = a^j-^V- (^^ course, x!^ j, — i?'^a;^ — T'^ ^.x'^.) 
This means that the T inversion has not a definite physical significance, since it 
depends on the chosen synchronization. Only when Einstein's synchronization 
is used the time reversal has the usual meaning. However, different synchroniza- 
tions are nothing else than different conventions and physics must not depend 
on conventions. 

In general, the same holds for the P inversion. In the {e^} basis Pq = 1, 
P\ — 1 and all other elements of are equal to 0. However, in the {r^} 
basis the matrix elements P^ ^ of the parity operator P which are different from 
zero are 

^^0,. = !. n. = -l' = (18) 
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Obviously, in the {r^} basis, is not a spatial inversion. In that basis the 
components ^ of the 'spatiahy reversed' position vector Xp — Xp^Vf^ are 

x°p^ ^x" +x^ +x^ +x^, x'p^ = -x' (19) 

and it holds that r^. Thus, the parity operator P also depends 

on the chosen synchronization and therefore it is not a properly defined operation 
in the 4D spacetime. P has its usual meaning only when the standard basis {e^j} 
is chosen in some inertial frame of reference. 

On the other hand, the W inversion is properly defined because if —x"" 
then x^ -x^, x^ -x!^, ... . Thus 

Wx'' = -/x^ W'ix'^e^ = Wl,X,r,, = ... = W'\^x"'e^^^ = W^,,x':;t'^ = .. 

~ — /'^a; e^J_ — — /'^x^.r^; = ... = —I^x e^ — —I^x^ r^ = (20) 

where W^, W^^, W'lf, W'jf^ are the matrix elements of the proper parity 
operator W in the bases {e^}, {r^}, {ej^}, {r^} and all primed quantities in 
(PO)) are Lorentz transforms of the unprimed ones; see equation (1) in [16] for 
the general form of the LT. The LT in the {r^} basis are given in the same 
paper by equation (2). The elements that are different from zero are 

L\,r = {~Pr/K), L\^r^l/K, L^a^r-^V^l, (21) 

where K = {1 + 2/3^)^^^, and = dx^/dx^ is the velocity of the frame S' as 
measured by the frame S, f3r — /3e/(l — /3e) and it ranges as —1/2 -< f3r ~< oo. 
I in (l20t is the identity transformation. It can be easily checked that = 
T^^Pl = ,,P^ = ... = -J'^,. But the matrix elements and which 
are given by and ([T^. respectively, are quite different from the usual ones 
from the {e^} basis, i.e. different from the matrix elements of the usual T 
and P inversions. They do not describe the time and space inversions and the 
notations for all, except TP in the {e^} basis, are not adequate. 

It is worth noting that the same relations as in (PH)) hold also for d", Z", m", 
S"^, E°- , B°- , etc., i.e., Wd"^ — —Id'^, ... . One law for the proper inversion W 
for all vectors! Hence, Lint from ^ is unchanged under the proper inversion 
W. The W inversion is well-defined symmetry in the 4D spacetime. This is 
drastically different from the usual T and P inversions for the 3-vectors. For 
the T inversion of d and S, see, e.g., the beginning of this section. 

This fact that T and P inversions are not well-defined symmetries in the 
4D spacetime is one of the reasons why, contrary to the existing elementary 
particle theories, the T violation, i.e. the CP violation, cannot be connected in 
this approach with the existence of an intrinsic EDM. 

Another reason is that, as already stated, neither the direction of d nor 
the direction of the spin S have a well-defined meaning in the 4D spacetime. 
The only Lorentz-invariant condition on the directions of d'^ and S*" in the 4D 
spacetime is d"'Ua = S"'Ua = 0. This condition does not say that d has to 



11 



be parallel to the spin S. The above discussion additionally proves that the 
relations dS]), pO)) and dH) are properly defined. 

If an antisymmetric tensor (the components) A'^^ (that tensor A"'^ can be, 
e.g., F"'', M"^ S"'', D"'', ...) is transformed by Ri^ to the {r^} basis, then it is 
obtained that 

Al^ = - A'^ - A'^ (22) 

which shows that the 'time-space' components in the {r^} basis are expressed by 
the mixture of the 'time-space' components and the 'space-space' components 
from the {e^} basis. Thus, for example, 

Dl"^ ^^d^ + {l/c)m^ -{l/c)m\ (23) 

Similarly, it follows from 1^ that F^" = +03^-03"^. The relation ^ and 
the one for F^'^ show, once again, that the components have no definite physical 
meaning. Only in the {e^}, {e'^} bases does it hold that = i^*", d'* = 

_ gno^ That is the reason why we always put the quotation marks in the 
expressions 'time-space' and 'space-space.' One important consequence of (|22p 
and (|23p is that the usual EDMs and MDMs, d and m, respectively, where, e.g., 
d =D^°i+D'^'^]+D^"k, have no definite physical meaning, since the components 
are dependent on the chosen synchronization. Of course, the same holds 
for the fields E and B. In contrast with the usual covariant approach with 
coordinate-dependent quantities, all relations (IT|)-([TU1) are written in terms of 
4D geometric quantities, i.e. they are defined without reference frames. This 
means that dipole moments d°' and to° are well-defined quantities in the 4D 
spacetime but, according to they depend not only on Z)'^^ but also on the 
4- velocity of the particle u° as well. Hence, as already stated, is the primary 
quantity; it does not depend on The same assertion can be stated for the 
relation between F""^ and E°', _B", w", as seen from ((T|). 

All this proves that in the 'r' synchronization it is not possible to speak about 
time and space as separate quantities. So, in the 4D spacetime, W inversion 
has an independent reality in Minkowski's sense but not T and P inversions. 
Similarly, D"'' has an independent reality but not the dipole moments d and 
m. The same applies to F"''' and the fields E and B. By the explicit use of 
the 'r' synchronization I have mathematically formalized Minkowski's words. 
Note that only in Einstein's synchronization are the spatial and temporal parts 
of the interval between the two spacetime points separated. The usual covari- 
ant approaches implicitly use only Einstein's synchronization and therefore the 
majority of physicists believe that T and P inversions taken separately are well- 
defined symmetries. A similar conclusion applies to d and m and the fields E 
and B. 

5. Shortcomings in the EDM searches 

The results obtained offer some new interpretation of measurements of an EDM 
of a fundamental particle, e.g. [8, 24, 27]. In all experimental searches for 
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a permanent EDM of particles, the UT of E and B are frequently used and 
considered to be relativistically correct; that is, that they are the LT of E 
and B. Thus in a recent new method of measuring EDMs in storage rings [8], 
the so-called motional electric field, our E', is considered to arise 'according 
to a Lorentz transformation' from a vertical magnetic field B that exists in 
the laboratory frame; E' = 7c/3 x B. That field E' plays a decisive role in 
the mentioned new method of measuring EDMs. It is stated in [8] that E' 
'can be much larger than any practical applied electric field.' and 'Its action on 
the particle supplies the radial centripetal force.' Then, after introducing 'g-2' 
frequency uja (wa — a{eB /m), a = (g — 2)/2 is the magnetic anomaly) due to the 
action of the magnetic field on the muon magnetic moment, they say, 'If there 
is an EDM of magnitude d — rjiie/Amc :^ rj x 4.7 x 10~^'^ecm, there will be an 
additional precession angular frequency We — {'r]e/2m)/3 x B about the direction 
of E', ... .' The new technique of measuring EDM in [8] is to cancel oja so that 
uJe can operate by itself. An important remark on such a treatment is that the 
field E' is in the rest frame of the particle K' but the measurement of EDM is 
in the laboratory frame K . A similar thing happens in [27] and many others in 
which 'motional magnetic field' B' = (7/c)E x /3 appears in the particle's rest 
frame as a result of the UT of the E field from the laboratory. It is usually 
considered that the (7/c)E x /3 field causes important systematic errors. Thus, 
it is stated already in the abstract in the first paper in [27]: 'In order to achieve 
the target sensitivities it will be necessary to deal with the systematic error 
resulting from the interaction of the well-known v x E field with magnetic field 
gradients .. . This interaction produces a frequency shift linear in the electric 
field, mimicking an EDM.' The same interpretation with the UT of E and B 
appears when the quantum phase of a moving dipole is considered, e.g. [28]. 
For example, when the Rontgen phase shift is considered, it is asserted in the 
second paper in [28] that in 'the particle rest frame the magnetic flux density B 
due to the magnetic line is perceived as an electric field' E' = v x B. Then that 
E' can interact with d' in K'. This is objected to in [7]. In the usual approaches 
with the 3-vectors it is also possible to get the interaction between B and d by 
another method, which conforms more to a description in K. According to the 
second method, the magnetic field B in if interacts with the MDM m that is 
obtained from the EDM d' by the UT for m and d; m = 7V x d'. For the 
Aharonov-Casher effect, this method is mentioned in, e.g. [29]. However, as 
already said, the transformations of E and B, and of d and m, are not the 
LT but the UT [11]. They have to be replaced by the LT of the corresponding 
4D geometric quantities. Then, the LT transform from K again to S'^ in 
K' and, similarly, E'^ from K is transformed again to E'^ in K' ([7]); there is no 
mixing of components. The same holds for the LT of and m'^. Thus, in this 
approach, there is no induced E' as in [8] and [28], and there is no 'motional 
magnetic field' B' as in [27] and [29], and there is no induced d in if as in [29]. 

As already mentioned, in all EDM experiments the interaction between the 
electromagnetic field and the dipole moments is described in terms of the 3- 
vectors as E • d and B • m. Moreover, the 3-vectors d and m (and also E and 
B) arc in the rest frame of the particle, whereas the measurements of EDM 
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are in the laboratory frame. However, the last two terms in ^ show that in 
the geometric approach presented here there are direct interactions between 
the magnetic field i?" and an EDM and also between and m", which are 
required for the explanation of measurements in [8] and [27]. In order to describe 
the interactions in K one only needs to choose the laboratory frame K as the 
eo-frame and then to represent £'", and d'^, m" in that frame. This can be 
explained in more detail comparing the expression Q with the interaction term 
in the Lagrangian in, e.g., equation (17) in [17], which is 

Lm = d'-E'+B'-m' + (l/c2)u-m'xE'-u-d'xB'. (24) 

This is written in our notation in which the particle's rest frame is the K' frame 
and the quantities from that frame are the primed quantities. (There is an 
ambiguity with the notation. Namely, Lint (|24p is in K' , but at the same time 
that expression contains the particle's velocity u.) 

Since the measurements are in the laboratory frame (the K frame) we shall 
first choose the laboratory frame as the eo-frame and represent E"", m°, B", d", 
... from in that frame. Hence, in the laboratory frame, which is taken to be 
the eo-frame, = (c, 0,0, 0) and consequently E° ^ B° = 0; see Then ^ 
becomes 

L^nt = -{{E,d') + {B,m')) - (l/c2)£"*-''^-(i;,mfe - ^B,dk)uj 

+(l/c)((£;,u')d° + (B»M*)m°). (25) 

Observe that in the laboratory frame there are contributions from the terms 
with and . The contribution of the terms with the interaction of E"^ with 
m° (i?° with d"") is u/c of the usual terms with the direct interaction of E'^ with 
(i° [B"" with m"). The constraints d°'Ua = rrf'Ua = also can be written in the 
eo-frame, which enables us to express d^ and by means of d^Ui and rn^Ui, 
respectively. Then, it can be seen that terms with d^ and mP in p5|) are v? /c^ 
of the usual terms Eid^ or BiJjf and therefore they can be neglected. 

In the usual approach with the 3- vectors (neglecting terms of the order of 
tt^/c^) Lint ([25l) would correspond to 

L^nt = d • E + m • B + (l/c^)u - mxE-u-dxB, (26) 

where, in contrast with (j24p . all quantities are in the laboratory frame. It 
is assumed that the spatial components with upper indices from ((25|) corre- 
spond to the spatial components of the 3-vectors in ([26]) . Namely, the metric is 
diag(l, -1, -1, -1) and e°i23 ^ i. 

In an unrealistic case when the rest frame of the dipole is chosen to be the 
eo-frame, i.e. when the observers who measure fields i?" and B'^ move together 
with the dipole, v°- = u"" = cCq and consequently E"^ = B'^ — d'^ — m'° = 0, 
then Lint from (|3]) becomes 

L,nt = ~{E[d'') ~ {B[m''). (27) 
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In the usual picture with 3-vectors it would correspond to 

L,nt = d' ■ E'+m' . B'. (28) 

The corresponding Hamiltonian is 

H,„t = -d' • E'-m' • B'. (29) 

Hint is the form of the Hamiltonian of the interaction that is frequently 
used in the comparison with the standard theory and in the interpretation of 
the results of EDM experiments. E' and B' in ([^^ are both in the rest frame 
of the dipole and in all the usual approaches they are expressed in terms of the 
laboratory fields using the UT of E and B, ©. Observe, once again, that Lint 
(PS)) and Hint refer to the case when the observer who measures fields E' 
and B' 'sits' on the moving dipole. 

In the 4D geometric approach presented in this paper, expressions like (|26p . 
(|28l) and (|29|) are meaningless because, as explained particularly in [12], there are 
not the usual time-dependent 3-vectors in the 4D spacetime. The relativistically 
correct 4D expressions are (1251) in the laboratory frame (or, neglecting terms of 
the order of w^/c^, Lint (l25t without last two terms) and ((27|) in the rest frame 
of the dipole when that frame is at the same time the eo-frame. They are derived 
from ([2]), while the Lagrangian Lint (EI is obtained using mathematically and 
physically correct decompositions ^ and (0). 

For the phase shifts these questions are discussed in [3] and [7] . Accordingly, 
the experimentalists who search for an EDM, e.g. [8] and [27], and, for example, 
those who observe the Aharonov-Casher phase shift [30], will need to reexamine 
the results of their measurements taking into account the relations ([3]) and ([8])- 

m- 

6. Conclusion 

In conclusion, we believe that the new results (l5))- (jl0p that are obtained in this 
paper, together with the expression (jS]) for the interaction term, [3], provide an 
alternative but viable formulation of spins and dipole moments. It will be of 
interest in different branches of physics, particularly elementary particle theories 
and experiments, and also theories and experiments that treat different quantum 
phase shifts with dipoles. It is worth noting that the relations (jl]), ([8|) and (jlOp 
are generalized to the quantum case and the new commutation relations for 
the orbital and intrinsic angular momentums and for the dipole moments are 
introduced in [31]. 
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